We discuss the phenomenology of type-II seesaw by extending the Standard Model with additional Higgs doublets and scalar triplets additionally invoked with ∆(27) flavor symmetry for the explanation of nonzero neutrino masses and mixings, matter-antimatter asymmetry and lepton flavor violation. The non-zero neutrino masses can be realized via type-II seesaw mechanism by introducing scalar triplets transforming as triplets under ∆(27) while we add additional SU (2) L scalar doublets to have correct charge lepton masses.
I. INTRODUCTION
Over the past few decades, Standard Model (SM) of particle physics has emerged as a broadly accepted theoretical model which accounted for the interplay of three fundamental forces -strong, weak, electromagnetic forces and elementary particles including quarks and leptons. The SM is remarkably impressive in terms of the accuracy and is enormously successful in anticipating a wide range of phenomena which has been experimentally verified. However, the theory is still unanswerable to many observed phenomena such as gravity, hierarchy problem, neutrino mass, dark matter, matter-antimatter asymmetry and many more. Neutrinos are considered as massless in SM due to the absence of the right-handed neutrinos [5, 6] . However, the massiveness of neutrinos is evident from the neutrino oscillation experimental results which provide overwhelming confirmation that three neutrino flavors are mixed with each other and have non-zero mass. Current experimental observations give a consistent picture with a mixing structure parameterized by the 3 × 3
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) [7] [8] [9] matrix which gives at least two non-zero massive neutrinos contradicting the theory of SM [10, 11] . The essence of beyond the standard model (BSM) arises, which can be addressed by extending the SM symmetry or by adding some new particles into SM.
The explanation of the neutrino mass origin is one of the intriguing problems in particle physics on the account of the smallness of the neutrino mass and its hierarchy structure. The neutrino oscillation phenomenology has revealed from the solar, atmospheric, accelerator and reactor neutrino experiments [12] which determined the squared difference between the masses m 1 and m 2 , m [13] . Yet, the absolute values of m 1 , m 2 and m 3 as well as, the doubtfulness of whether or not m 2 is heavier than m 3 , remain unknown as the neutrino oscillation data can only provide the squared difference of the masses. However, from the cosmological point of view it is already confirmed that the mass of the neutrino should be below the eV scale [12] and its value is m ν < 0.12eV [14] .
The famous seesaw mechanism [15, 16] is much acclaimed to explain the tiny neutrino masses.
The variants of the seesaw in the extension of the SM with some heavy fields include type-I, type-II and type-III [17] [18] [19] [20] [21] [22] [23] [24] [25] . Leptogenesis [26] , is the beautiful mechanism to explain matter-antimatter asymmetry observed in our universe. One of its appealing features is establishing a connection between neutrino physics at low and high energies through seesaw mechanisms. The CP-violating out of equilibrium decay of heavy messenger particle mediating seesaw mechanism leads to lep-ton asymmetry which can then be converted to required baryon asymmetry by non-perturbative Sphaleron [27] process. There have been many studies in this direction and to name a few includes [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] .
The non-abelian symmetries are more impactful in obtaining TBM [44, 45] which will give vanishing reactor angle and no CP violation. Like other non-abelian discrete symmetries [46] , ∆ (27) symmetry is extensively used in neutrino phenomenology as it gives directly the tribimaximal(TBM) mixing pattern, which conflicts more or less with the standard neutrino mixing. However, in this case, the reactor mixing angle will be zero. Following the discovery of non-zero θ 13 mixing angle (2012) from several experiments Daya Bay [47] [48] [49] , RENO [50] , T2K [51, 52] , Double Chooz [53] , MINOS [54] , the next heated debate hovering around neutrino physics is CP-violation. Theoretically, the cp phase violation can be explained together with the three mixing angles θ 12 , θ 23 and θ 13 .
Apart from probing the neutrino mass scale and its mass hierarchy, we still need to perceive the nature of the neutrinos, i.e whether they are Dirac or Majorana type particles and measure the value of the CP violation Dirac phase, or both of the Dirac and Majorana phases, if neutrinos are Majorana type of particle. The neutrino mass hierarchy and CP-violating Dirac phase can be determined in the long base-line neutrino oscillation experiments [55] [56] [57] . The only well known possible experiments which can disclose the Majorana nature of massive neutrinos are finding the neutrinoless double beta (ββ) 0ν decay process [58, 59] . However, we cannot proceed any further in determining the neutrino masses and mixing without knowing the nature, whether it is Dirac or Majorana. There are several experiments for (ββ) 0ν decay, which take the data or are under preparation at present like GERDA, EXO, KamLand-ZEN, COURE, SNO+, MAJORANA, etc. From these above experiments, studying neutrinoless double beta (ββ) 0ν decay the effective Majorana mass has turned out to be |m ee | (0.01 − 0.05)eV [60] [61] [62] [63] [64] [65] .
In this work, we consider a minimal extension of SM with non-abelian discrete ∆(27) flavor symmetry while extending SM with two Higgs doublets which corrects the charged lepton mass and three Higgs triplets for implementation of the type-II seesaw mechanism for light neutrino masses. This SM extension improves the quality of the predictability of the model by explaining different phenomenological consequences like neutrino mass, neutrinoless double beta decay(NDBD), leptogenesis, Lepton Flavor Violation (LFV) compatible with the current experimental values.
The manuscript is structured in the following way. Section-II proceeds with a brief description of the model and the particle content along with the full Lagrangian for charged lepton and neutrinos for type-II seesaw mechanism with ∆(27) flavor symmetry. In this section, we also discuss the flavor structure of the neutrino masses along with the mixing matrix. In subsequent section-III, we present our numerical results for non-zero neutrino masses, the behavior of the ratio between two measured neutrino mass-squared differences with input model parameters, complementary relation between measured neutrino mixing angles with input model parameters like internal mixing angle and phases and their implications to neutrinoless double beta decay. We discuss scalar triplet leptogenesis in section-IV with quantification of CP-asymmetry, while we briefly demonstrate lepton flavor violation with TeV scale scalar triplets in section-V. In section-VI, we summarise and conclude the phenomenological consequence of the type-II seesaw models with ∆(27) flavor symmetry.
II. MODEL DESCRIPTION
We briefly discuss extension of SM with additional discrete flavour symmetry ∆(27) which includes two Higgs doublets H 2 , H 3 along with SM Higgs doublet H 1 and three additional scalar triplets
This choice of adding two Higgs doublets and three additional scalar triplets in the context of ∆(27) framework have been explored in several previous works [66] [67] [68] [69] [70] [71] [72] [73] . The non-abelian discrete group ∆(27) has 27 elements divided into 11 equivalence classes. It has 9 one-dimensional irreducible representations 1 i (i = 1, ..., 9) and 2 three-dimensional representation 3 and3. The multiplication rules under ∆(27) symmetry group are described in the Appendix.
In this work, we have tried to explain neutrino phenomenology (neutrino mass, non-zero reactor mixing angle θ 13 , large cp-violation(δ cp ), Jarlskog parameter(J cp )) by introducing three Higgs triplets.
We also aim to study implications of the framework to leptogenesis, lepton flavour violation and neutrinoless double beta decay. The complete field content with their corresponding charges is provided in the table I. 
A. Lagrangian and charged lepton mass matrix
The Yukawa interaction Lagrangian for charged leptons is given by
The charged lepton mass matrix after scalar field taking their respective vacuum expectation values (VEVs) is given by
where v 1 , v 2 and v 3 are the VEVs of the scalar fields and Y 1 , Y 2 and Y 3 are the three Yukuwa couplings respectively.
B. Lagrangian and neutrino mass matrix
The Lagrangian for neutrino mass is
After the VEV gain the neutrino mass matrix will be
where
Considering, f α = f α = f α , then the mass matrix will be
For a clear understanding of the neutrino parameters and their correlations, the light neutrino mass matrix M ν in Eq.(4) can be rewritten in the following form, but it has to be symmetric,
where the parameters a, b, c are proportional to the three arbitrary VEVs of scalar triplets ∆ 1 , ∆ 2 , ∆ 3 .
For simplicity, we have chosen λ = 1 for analytic as well as numerical calculations.
The light neutrino mass matrix can be completely diagonalised by two steps,
In general, the above mass matrix can be written in the following form,
Therefore, a further rotation by a unitary mixing matrix U 13 makes the above block diagonalized
The unitary mixing matrix is parametrized in terms of rotation angle θ and phase δ. Using U 13 , the block diagonalized matrix is completely diagonalized as follows,
Now as M ν is diagonalized and the physical mass eigenvalues for light neutrinos are expressed in terms of model parameters as,
and the value of internal angle θ is related to the input model parameters as,
For rest of our analysis we will use δ = 0 and as a result of this, the mixing angle θ is then given by
III. RESULTS
phase differences between (b, a), (c, a) and ( ,a) respectively, the light neutrino mass eigenvalues can be expressed in terms of their absolute values and corresponding phases as follows,
Thus, the physical masses for light neutrinos are given by,
where C and D are defined as,
Furthermore the phases associated with light neutrino mass eigenvalues can be written as,
We examine the correlation between model parameters compatible with 3σ limits of the current oscillation data for which we present a random scan of these model parameters over the following ranges: [74, 75] .
Using the model parameters defined in previous discussion, the square of masses and their differences are derived to be,
In the model, the parameters are |a|, α 1 , α 2 , α 3 and φ a (after setting φ ba = φ ca = 0), which can be constrained by the neutrino oscillation data through the ratio of the solar and atmospheric masssquared differences, with the relation r =
, which is given in [76, 77] . Where the neutrino mass squared differences for solar and atmospheric neutrino oscillations are ∆m 2 = ∆m (21) and Eq. (22), we can acquire the mathematical expression of r in terms of our model parameter. which is given by
From the above is fixed by the data, this relation implies a strong correlation between the values of the parameters α 3 and cosφ a . Noting that the sign of sinφ a cannot be constrained by the low energy data.
Relations between the phases associated with the masses can be written in the following way,
In this framework, the value of two Majorana phases α and β can be acquired by the neutrino oscillation data. After few steps of algebric manipulation, the two CP-violating phases α and β with α 1 , α 2 , α 3 and φ a model parameters can be related by the following expression:
We talk about the dependence of the different model parameters, which are the accurate 3σ range of the neutrino oscillation results. The corelation and restrictions on these model parameters are presented in Fig.1 
B. Correlations between neutrino mixing angles
The neutrino mixing angles within the unitary mixing matrix called as U PMNS [78, 79] is parametrized as follows, 
where s ij (c ij ) is the sine (cosine) angle of solar, atmospheric and reactor mixing angles, whose values are known from various neutrino oscillation experiments and thus we can constrain input model parameters as these mixing angles are related to the input model parameters.
It has also been demonstrated that light neutrino masses are diagonalized by U TBM , U 13 containing the mixing angle θ and phases. The form of the mixing matrix is expressed in terms of θ, δ and other phases in the following way [80, 81] ,
sin θe
where α and β are the two Majorana phases.
The neutrino mixing angles like solar mixing angle θ 12 , atmospheric mixing angle θ 23 , reactor mixing angle θ 13 and Dirac CP-phase are related to the elements of the U PMNS using the following set of equations
To more explicitely, the mixing angles are related to input model parameters like mixing angle θ and phase δ as,
,
The mixing angles prediction are shown as a function of θ in Fig.6 .
Another key parameter known as Jarlskog rephrasing invariant is given by
Using sin θ 13 0.16 and | sin δ| > 
The mixing angles θ 12 , θ 23 , θ 13 prediction are shown as a function of θ and CP-violating phase δ CP .
We have plotted the corelations between these parameters in Fig.7 . The coloured bands represent the 3σ range in the mixing angles from recent global fit data [82] .
C. Comment on neutrinoless double beta decay
The measure of lepton number violation in neutrinoless double beta decay is called effective The two Majorana phases, α and β, affect neutrino double decay (see Petr Vogel's lectures).
Their dependence in the neutrinoless double beta decay matrix element is,
The plot in Fig.8 shows the variation of effective Majorana mass as a function of the lightest neutrino mass, and the model parameter θ. Similarly, Fig.9 shows the variation of ee-element of neutrino mass matrix and its square value with input model parameters.
IV. LEPTOGENESIS WITH SCALAR TRIPLET
We briefly discuss here the phenomenology of type-II seesaw mechanism to leptogenesis for accounting matter-antimatter asymmetry of the universe via decay of scalar triplets. The interaction Lagrangian involving scalar triplets is given by, The covariant derivative involving scalar triplet is
where T are the dimension three representations of the SU(2) generators. The fundamental SU (2) L scalar triplet representation have not all well defined electric charges, electric charge eigenstates are instead given by
The ineractions involving scalars induced a non-zero vacuum expectation values derived from potential minimization as
The type-II seesaw contribution to light neutrino masses is given by
As discussed in previous section of neutrino masses and mixing, the light neutrino mass spectrum is derived from diagonalization method using neutrino mixing matrix U PMNS = U TBM · U 13 · P as, 
A. Decay rates and CP-symmetry
The tree-level decay of scalar triplets (Fig.10 ) involve leptonic and scalar final states. The leptonic partial decay widths, depending on the lepton flavor composition of the final states, involve extra factors of 1 2 which avoid overcounting:
where Q stands for the electric charges of the different SU(2) triplet components,
. On the other hand, scalar triplet decay modes can be written according to
The total decay rate from scalar triplets decay is given by
where the neutrino mass-like parameter m ∆α is defined as
with B α l and B α H standing for the ∆ α triplet decay branching ratios to lepton and scalar final states:
where the relation B α + B α H = 1. As can be seen directly from the above equations, for fixed m ∆α and m ∆α ,Γ ∆α exhibits a minimum at
. Thus, the farther we are from
, the faster the scalar triplet decays. one-loop self-energy corrected diagrams( which has drew in Fig. 11 )can be put in following form,
As a result of this, the total CP-asymmetry can be written as,
The total flavored CP-asymmetries can be recasted as [83] ,
After simplification the modified expression for CP-asymmetry due to decay of lightest scalar triplets (assuming m ∆ 1 TeV and other two triplets around 10 TeV so that g(x) → x.) is given by
After determining the lepton asymmetry 1 , the corresponding baryon asymmetry can be obtained by Br (µ → eγ) < 10 −50 whereas the current experimental bound has put a bound Br (µ → eγ) < 10
−12
). Of late, many works have discussed dominant LFV contributions, however, we planned to focus on low energy lepton flavor (LFV) processes like µ → eγ, µ → eee and µ → e conversion in nuclei with exchange of TeV scale scalar triplets and their relation with input model parameters like internal mixing angle, phases and lightest neutrino mass. The relevant charged current interaction Lagrangian involving lightest scalar triplet and leptons is given by
Before numerically estimating all LFV contributions, let us define,
and for Branching ratios,
in which case, the recent experimental bound and future sensitivity in near future search experiments are presented in table IV. 
A. µ → eγ Decay
Denoting lightest scalar triplet mass as m ∆ 1 m ∆ , vacuum expectation value as v ∆ , the branching ratio of µ → eγ is given below Considering m ∆ + m ∆ ++ ≡ m ∆ , the upper limit of the branching ratio of µ → eγ from MEG experiment is given by the fllowing bound on
We can use the above upper bound to obtain a lower bound on the vacuum expectation value of∆ 0 , v ∆ . From which we can calculate
where U = U PMNS is the unitary matrix and the above equation is correct. Here, the prediction for |(f † f ) eµ | and Br. (µ → eγ) depends on the Dirac CP-violating phase δ CP of the standard parametrization of U PMNS or internal phase δ. The figure no.14 represents |f f | eµ in the plane of θ and δ contributing the branching ratio µ → eγ. Similarly, Fig.15 shows the variation between |f f | eµ with θ (in the left panel) and with δ (in the right panel) contributing the branching ratio µ → eγ.
B. The µ → 3e Decay
The branching ratio of µ → 3e decay within type-II seesaw mechanism with TeV scalar triplets is given below
At present, the upper limit on this branching ratio is Br.(µ → 3e) < 10 −12 and this bound can be translated to bound on |(f † ) ee (f ) µe | as follows, 
The Fig.16 shows the variation of the branching ratio µ → 3e in the plane θ and m lightest .
VI. CONCLUSION
In this article, we have discussed the generation of nonzero θ 13 in a ∆(27) symmetric framework.
For this, we have extended the particle content of the SM model by adding two Higgs doublets in the Model, which corrects the charged lepton mass and three Higgs triplets, that accounts for the mass to the neutrinos via type-II seesaw mechanism. The choice of these particles helped us to calculate the neutrino mass matrix as well as the neutrino Yukawa matrices dictated by the flavor symmetry imposed ∆(27) which helps in studying the mixing angles involved in the U P M N S matrix. This model can reproduce all the mixing angles (which are related to the model parameters θ and δ) consistent with recent experimental findings for a restricted range of parameter space for α 1 involved in the theory. This model also describes the non-zero δ CP violating phase and Jarlskog parameter(J CP ).
Also the effective Majorana parameter is studied |m ee | in terms of two Majorana phases α and β. We have also discussed on the matter-antimatter asymmetry of the universe through leptogenesis with the decay of TeV scale scalar triplets and variation of CP-asymmetry with input model parameters.
Finally, this model explained lepton flavor violating decays like µ → eγ, µ → 3e processes.
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VIII. APPENDIX A. ∆(27) Symmetry
The group ∆(3n 2 ) is a non-abelian finite subgroup of SU(3) of order 3n 2 . It is isomorphic to the semidirect product of the cyclic group Z 3 with (Z n × Z n ) [84] .
For n=3, ∆(27) ∼ (Z 3 × Z 3 ) × Z 3 .
B. Multiplication Table
The non-abelian ∆(27) flavor symmetry includes nine one-dimensional representation and two three dimensional irreducible representations 3 and 3.
If a 1 , a 2 , a 3 and b 1 , b 2 , b 3 are the triplets of ∆ (27) . Tensor products of these three triplets are given as following ⊕1 i i=1,2,..9. where, 
